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SECTION 1

PURPOSE

This program is intended to study the feasibility of high-dielectric-

consta-, materials as resonators in microwave filters, and to obtain de-.

siý o it.formation for such filters. Resonator materials shall 'r. selected

&haL have loss tngents capable of ,ieedding unloaded Q va.ltues compara",I

to that of waveguide ca-_itics. T1-1, rn-aterials shall have dielectric con-

stants of at least 75 ir order that substantial size reductions can be

Siieved corapared to the dimensions of waveguide filters having the

same elec'.zica! performan.:.



SECTION II

-ABSTRACT

The coupling-coefficient formula derived in the Second Quarterly

Report is discussed. Its discrepancy from experimental data for close

spacin.ý"- is attributed to the use of only the TE mode in the analysis.
10

The derivation is then extended to include all higher TE and T.A modes

excited by ti d1ieectric resonators. The solution is particularized for

dielectric disks spaced along the centerline of a rectangular waveguide

below cutoff, with the axes of the disks parallel .c the trarnveq!e c c" -

mode formula are rhuwn t f-, y " mu'-h better agreement with exper-

imental data than the previous single-mode curves.

Sources of error are evaluated in the measurement u• •

for high-dielectric-constant samples. It is shown that the circul-.Ar-

waveguide dielectrometer has a typical maximum error of ±0. 6 percent

and probable urror of ±0. 25 percent, while the radial-waveguide dielec-

trometer has typically ±0. 42 percent maximum error and *0. 17 percent

probable error. An o: _er-ox-inagnitude i, --vement in accuracy ap-

pear. ;easible, bu4 :s anot needed in this -:rn. The r -".-

dielectrometer has been used to obtain aat•. the new U6A.RDL col

pressed T0 2. ceramic samples and on sever& •am'.es cut from a

single tilc jf Eccoceram Hi-K90 ;nater-al. ,u----------
W temperature was also measured for four dgffc:eit group- : Tio, ma-

saw, terials. The temperature coefficients ranged from -,n .o--1'.'¼

ppm/ C. These values are higher than the ,.. minal value of -- 00 for

TiO ceramic.

The previous unloaded-Q measurement technique was improved

"iL sevezai minor d*3tails. Data 4vs 'L._en ,, three groups of TiO2 cer-

amic dirks in propagating WR-284 wave ui4 . The best -;alues were

a-2-



obtained with the USAERDL cold-pressed high-purity samples, with

Q 11between 10, 000 and 12, 000 in tie majority of pieces tested. One

of these. pieces was then used to determine the effect of metal-wall

losses by repeating the Qumeasurements in a series of 'cut-off'

square waveguides having internal dimensio~ns ranging from 1. 25 by

1. 25 inch t, C. 430 by 0. 430 inch. In the latter casc, t~h. 0. 430-in-ch-

diameter disk -was tangent to the top and bottom walls of the wavegaidte-

Despite the extreniely close proximi.ty, the unloaded Q was diminished

only to 5250 in th-e presence of the silver-plated walls. Resonant-I f t~-r.-t.cy data v-ýrsus the dimension of the square waveguide are olz
I givez.

I Frequency-response dat.a are shown for -zeveral two-resonator

I band--pass filt,-rs adjut:ted for maximally flat performnance. The band-

width and center -frequency dissipation loss agree quite well wit,~.

viously obtained coupling -coefficient and unloaded-Q values.



SECTION III

CONFERENCES

On 20 May 1964, a conference was held to discuss third-quart ýr

I-rogress and plans for the fourth quarter. The location of the confer-

ence -"as the International Hotel at Idlewild, L. i. , N. Y., where the

1964 PTGMTT Symposium was being held. The conference v .s at-

te n cie d b y -N ie s s r s . 5. A lgr _• s , N . 1_, 1.... . . . . . .

SUSAERDL, and Dr. S. B. Cohn of Rantec Corp. Draft material .'or

the Third Quarterly Report was reviewed and suggestions were made

,or further items of investigation.

-4-



SECTION III

CONFERENCES
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SECTION IV

FACTUAL DATA

1. Introduction

The First Quarterly Report discusses the natire of dielectric

resonators and de.scribes how such resonators may L. used ;i- iicro-

Wave filterb. The introduction, Lu L:neL iepu-vr ShuuV. % Lu,"u _ '--e

background information, and for a discussion of problems to be solved

before dielectric resonators can be used in practice

I. the Second QuarterlI Report, an analys:s was given of cou-
plinr between dielectric resonato rs spaced along the centerline %i

rectangular waveguide below cutoff. The resulting formula for coupi".,

coefficient was found to agree with experimental data within about

:h10 percent when the center-to-center spacings exceeded about thrcs

quarterE of the largt.;- of the two waveguide crossA-ee diensions,

'The deviation for smaller spacings was attributed to the use of only

the TE 1 0 mode in the analysis. In the present report, the theory is

extended to all TE and TM ir-,4- excited by the resonators. The new

rmultimode formula is s'hown to yield theoretica±, curves agreeing very

well with the pre vios exp.-rirental pnint s -,re:m when the reAon.an: !I;-

aze in contact with each other. Based on tkz excellent verification,
the new formula is concluded to have suff L V±Pt -.. .-

design purposes.

Twa techniques were described in the Second Quarterly Report

foi measurements on high dielectric-constant materials. Both tech-

niques utilize geometries such that minor airpaps between the surfaces

of the cylindrical samples and adjacent metal walls have negligible

effect on. rreasured dielectric-consta.-t valub.• in order to complete

the treatment of these new methods, cornpulatior. of typical errors



have been made and are discussed in this report. Accuracies on •he

order of one-half percent are shown to be easily obtained. Measured

data on several groups of TiO2 samples are given.

The method of unloaded-Q measurement presented it: the First

Quarter!), •eport is susceptible to ma•or error if •he input signal has

Sappreciabie frequency modulation. Because the signal source •'a

ntternaiiy square-wave moduleted at i000 cps, it was suspected r!%at

incidental frequency modulation might have affected the accuracy of

the measured v,•lues. In order to eliminate this possible source of

• •,,r: an isolator and diode modulator were placed betveen he .•gnal

source and rha input of the tes' -.-•,n. This permitted the signal source

to be operated with CW output, ensuring absence of any significant !..

quency deviation. Experimental results were found to agree quite well

with the data Included in the First Quarterly Report, thus show•nK that

frequency modulation had not appreciably affected the previous neas-

.•,•.• ..... measurements •e th•n _m_•ade on seve_.--al groups

of samples a•d on a single sample in a series of waveguides of varying

cross sections. The latter data reveals the effect of metal-wa!l prox-
I iq•ity o.• both Qu and • .
. O

In order to ; ..... •-o ÷• • validity • +• • r up!•_ng rnefficJent •-'-:

Qu data, several two-resonator band-pass /iit=•-s were made having

maxin•ally Sat response. Reasonably good agr;ci •- * ....... :-•-•.•

between ac•aal and predicted bandwldu• ana ,•&:• ?a•_:un loss.

Z. Coupling Bet'w'een Dielectric Resonators - Higher Modes

In the Second Quarterly Re- rtI, a forn•ula was derived for the

coupling coefficient between a pair of dielectric-d:sk resonators spaced

alo.•g the centerline of a rectangular w•. g ..... • below cutoff (Figure

2-I). Good agreemenz was found bevveen corn.,•,uteJ curves and

-6-



experimental data when the center-

/ .1EI IOEAI to-center spacing, s, is at least

(D / three-fourths of the larger of the

U Y~)C) two wave., id~dmcnsiona, a an
b. The discrepancy for closer

~-WAt~tCspacin-g was attributed to the fact
_Sr. f~fthat only the TE 10mod!: w~as used

-,16uze 12-1. Coupled Die', ectric in the analysis, Diz-ring the pastU Resonators Inside a Rectangular quarter the treatment was ex-
MetalTubetended to include higher mode-

:--n~iderable improvement in accuracy for close spacing was achieved.

Equation 3-36 of the Second Quarterly Report gives the cou-pling

coefficient, k, in generalized form for a pair of identical magnetic di-

pole resonators whose axes are eithe-r pairallel or colinear:

o- in1 .-2
ml =(2-Im

where 1± 0 is the permeability of free space, rii 1 and ml are the r.-tag-

netic dipole moment ar_ sLurea energy of the il, st resonator, 'Vhfl" H
is the -nagn~etic ficld at thle center of the s,._ __ resonator ti_ z- in.

.-n t1- e S e c o n d Q u a r te r ly R e p o r t, H 2  
'. ' V. - - e r m i 1 b

first determining the amplitude of Oie TiP, rno,'- -. V.rcibv -
then evaluating the magnetic-field amplitude o-; th;.s -- onca a.. a diqtcankýv

s, f n- mi in. The configu~ration is as Shown ilk Fig-irc -- _ lBeL~ause

97 ~the waveguide is used below its cut-off frequency, ti-te field amplitude

mode. Th'-refore, k is allso proportional to e- and the theoretical

couplig-oeficintcurve is a straighit line on a semi-logy graph. The

e:xj-rimental data showec this to be a wood approximation for s rela-

tively large, but not lor ,relatively small. * n improvement in- the

-7-



latter case may be expected from the addition of higher modes to the

coupling analysis.

Consider Figure 2-1. Equation 2-1 indicates that all modes

having H not zero at the center of the cross section will contribute

to the tot-I field H . The significant modes are as follows:

T _57 TE T*-
Si0 iZ 4V-iZ

TE 3 0  TE 3A TM%,

TE 5 0  TEs5 TM52

etc. etc. etc.

Note that for both TErnn and TMmn, the admissible m and n valu -L-
m = odd integers and n = even integers.

In the Second Quarterly Report, the waveguide-mode notation

of Collin was introduced. The following formulas from pp. 28-30 of

the Second Quarterly Report are needed. The MKS system of units are

used throughout the analysis.

H?-. H •t -tw x

H+ ah e (2-3)
x mn xmn

m,n

a 0 b M (Z-41rmn =j 7- xmn

where m 1 is the moment of the magnetic dipo3- located :5t z = 0 and
directed along the x-axis. The mode field funtions em and h are

normalized according to the following power-fic-7- relationship:

jJ e x h ds= 1 (2 -5)
sn -- rn -

-8-



where the integration is performed over the wavcguide cross-sectional

area. The attenuation constant crnn is given by

L =---A /I - (•-" n) nepers Der meter (2-6)
cmn

and tl- cut-off wavelength k is as follows for rectangular waveguide.

x =cmn + n (2-7)

' 'quations 2-? through 2-7 Apply to both TE and TMI modes, and thc

summation in Equation 2 -- `u tied ou't over TE and TM modes of

all admissible orders m and n.

When Eqs. 2-2, 2-3, and 2-4 are combined, -he foi' -n

formula for H is obtained.

SJ°t 0om I 2• -Cmns

hxmn (2-8)
1 mr,n

The normalized field -.-ori-iponent, h' w'.u now oe cO,rnPuted. Eaua-

-- tion 2-5 can be i-ewritten with the aid of tbt, r-'ation e X h O (SI
Z ht2 dS Z (hx + hv

Z d+ hZdSZ +:)-
Z mn h xmn dS+ hmn -a..7

where h and h are the transverse components of , and the

characteristic wa e impedance Z is as follows:
mn

-9-



Z = =2 for TE modes (2-i()
mn &yam

mn

Zmn for TM modes (2-11)

-le free-r'-a0ce wave impedance, 0, is equal to / o = 377 ohms in air.

The h and h field components are-
x y

in- .i mirxic g- Z
h = -A sin- cos- (2-12)

xrinn mn a TEn inodes

n =-2A e !q in~LYn I (2-13)
ymn o mn a b j

and

hxn Br sin--c--os-K-
TM modes

h = B cos--r sn-ry mn (2-15)
ymn a mn a o

where A and B are constants to be evaluated through applicationwhr mn mn

of Eq. -9. The coordinate system is as shown in Figure 2-2. When

T Figure 2-2. Ce--rainate System
b for Rectangular - -- Ui 1•

Eas. 2-,2.to 2-15 are substituted in Eq. 2-9, the fcilowi-,, integz.a•s

must be evaluated:

-10-



b a a b
Co. mrosx IM) y-

sino (__cs2 dn[y) dy

00 0 0

ab- for m • 1. n i (- i6

ab for rn 1, n 0

and

bA a a
r O r? sinw x 2 snn 'IT-

os s dx dy cos- .--- si

0 0 0 0

abT-• fo r m in r, " ]( T

= 0 for m 1, n = 0

Equations 2-9, 2-10, 2-12, 2-13, 2-16, and 2-17 yield the

following for TEr 0 modes, m - 1:

M.A ar0)

A 2 .m-rx

hxm = ab sin. (2 ---- ) (2-39)

and for TE modes, m,n a 1.
mn

+Q A. :n. ali J4 1TI/(mn'( () [ u = )-,• -,(2--20)

h 2 2(m/a)a n)) 2 rnix 2 . nryh ra _ sin %=--)--COSz - -} (-1
((n/a)-+ / a

-11-



Similarly, Eqs. 2-9, Z2-P4, 2-15, 2-16, and Z-17, give

the following for TMmn modes, m, n z 1:

m2 21 2 •,ji2 ,

(-) + (b Bnfl = (a-t ) --i f (2-22)

Z-...2 tn/it4 r a;b' 2 2rITX. 2,-
hx~ ~ si ( a' ,Co S (2-23)

(m~a) + nb- ýMr'nX

K ixi*• ht orT

L-te that for TM mmodes, hei&her ra nor n can be zero in the

rectangular-waveguide case.

,xaran.tion of Eqs. 2-19, 2-21. and 2-Z3 shows that at the

center of the cross section hxn i f e mther - even integer or

n = odd integer. Thus only modes ior wvnich i odd integF.• and

n = even integer will contribute Lo the coupling when ths -- dir • ted

magnetic dipoles are placed along the central longitudinal axis of

thu wdvIgu•Qde.

When Eqs. 2- 9, 2-21, and 2-23 are substituted in Eq. 2-8,

we obtain

-n. r (,- - u s x - n ( i a-)- o"rn e" n x

Hz = --- I [ re +2 2l

ab 1 L.tO n;i +n/V nb

8__ _ (nI/b)2  'me

where the summations are nerforrred for m = 1, 3, 5, ... and

n 2; 4, 6, .... Utse was made of the iden-.ity wvj ± = 2rn. The three

terms in the brackets are due to the T . I TE .,, and TM :nmodes,

respectively. A simplification may be made b'; observing that Eqs.

2-6 and 2-7 lead to



27 r-.(~ n m (M MrO2 (2 -Z5)

thus,

[ a

m *,n**

where rn = i, 3, 5. .... and r. = 2. 4. 6, ....

A further simplification gives the following compact result.

f I ý0 - am
Hz =--.r- •rn------ e ,-7

Lnnmn

T- this particuilar case, the icub•l. su....al.r. :- arr- nu..t - ver

mn = 1, 3, 5, .... IW, and n =-o, ... , --6, -4, --z, 0. 2. 4, 6, ... ,

However, Eq. 2-26 in terms of positive integers is more conveAL.LtLt

for computation.

The coupling coefficient between a pair of identical x-directed

magnetic dipoles on the central longitudina' axis of a rectangular v-ave-

"guide below cutoff is obtained hrorn F., ;ýT-. Z-26.

k -'-\- ml , -m--e(-o

The factor ±om l!1/2Wml depends only on th. d - n:. nsions D- L -I lectric c'nnstant. z a ndi resonant wvavelengt!-. X
resonator. In the Second Quarterly Report, 'F. 3-5,. this factor was

evaluated to be

z 0. 927D 4 Lc
o r V, . e.: S• LD sO0. 7(2-2g)

-13-



Equation 2-29 was simplified from a more complicated expression

given in Eq. 3-51 of the Secornd Quarterly Report. In the range

0. 25 _; LID 5 0. 7 the two formua.. agree within *2%0. A dielectric

resonz-tor of practical proportions will generally lie in this range.

Thus,

o~ 927D 4 Le r ~S cLzA ~ s
Yk -e +2 e .... '2-30)

where

5. a L/D ! 0. 7

n = 1, 3�, 5, ...

n = 2, 4, 6, ...

If L/D f`Z-!! outside of the range 0. 25 to 0. 7, the curve ploLed in Fig-

ure 3-5 of.. Setuatd Quarterly Report mmay be applied .a s a correction

factor to Eq. 2-30.

An interesting property of Eq. 2-24 is that the third summation

term, arising from the TM. modes, is opposite in sign to the TErn0

and TE terms. The e%-nlanat-mn f,-r this difference in sign is as

follows. An x-directed nnagretic dipole in uct 7 -:;s i

electric field having only v and z components. Th'us E is everywhcre
zeij. An x-directed magnetic dipole in a r-c,':-iar waveguide is

equivalent to a two-dimensional infinite -.zray _z x-. -ecte% ci.hloles in

iree space. Since E - 3 I ~Ci. ... 2 C.

nosition of fields of all the dipoles ir. the arraj. Hence.

E cornp .... =S e x " , in the ,avsguic and E is ever zero. The

field produced by each individual TE and TM mn Mode (m and n • 1)

contains finite E x components. However, when the TE and TMmn mn
mode fields have the relative annplitudes A and 53 determinedSmn mr,
£rorr Eqs. 2-20 and 2-22, the E comport-nts -, .nese modes :;r- equalx
in amplitude ant opposite in sign for each set of int.2-erE m and n Ž 1.

-14-
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Consequently, the above solution conforms to the necessary condition

that E = 0 at all points in the waveguide.
x

When only the m = I term of the first summation is used and the

second summation is omitted entirely, the single-mode formula in the

Secci•d Quarteily Report is obtained as follows:

0. 927D 4 Lec te ,e
k = 2 t_(-31)I 0

-. 3, the correction factor

[ '• s 2n0 - m S I 1-2

K I- a 6 I~ n e -rn0 + " eCt S
- In_ s .... ) mn

am Im,n J

m 1, 3, 5, ...

n = 2, 4, 6, ...

converts the singi- mrde formula Eq. 2-31 into the multi-mode for-

mula Eq. 2ý30. The factor, K, may be uscd to correct the computed

curves in the Second (.arter~ v Renort fcr :he e^ct-s of higher-

This has been done, Pnd the reesults are io,

Application of Correctiorn Factor to -- ious Data

Tth Sc c G's1L I " -_, -- -- _. 6izr.b Z'Wl

used in obtaining experimental coupling d&,a. rn,: size 5

b = 0. 750 in., a = b = 0. 995 in., arid a 6- Z6S In., b 1. 374 in.

Inr each waveguide, two different sizes ofdielectrlc disks were used.

Hrovever, E'q. 2 -32 is a function only of f of the disk, and not of the0

othe-i disk narampters. Since F is ý"proximate the sasme for -o-h

disks, and 141 is quite insensitive to ch-iqes ;*. fo, the f values for

- 5 -



the D = 0. 393 in. and L = 0. 160 in. disk will be used, but the resulting

K factor will be used for the other disk as well.

K ' I_ I 3 For the square waveguides,
'ýS 3.38Gc T

o-b o9951" . .. calculations shovw that significant

-.. La0b-0.750 42V• contributions to the coupling coef-
fi cient are made only by the modes

0 02 04 05 0.8 1.0 with subscripts mn = 10, 30, 50:
2-- w~rts. -"

SiZ, 1, 3Z,34. Fo the ectanSFigure ? -3. Factor K, Ratio 12, 14, 32, 34. For the rectan-

of M,1ulti pie -m ode Coupling- g6 ia . . . . . . ... . .
X..-.fficient Formula to Single- subscricts are 10, 30, 12, .'1,

SFormula 16, 3Z, 34, 36. A giaph of -he

correction factor K versus s appears in F:,.re Z-3 "o: the three dif-

ferent waveguide .

Figure 2-4 shows the six sets of coupling data from the S

Quarterlv Report. The solid curves are theoretical for single-mode

coupling, while the dotted curves include the higher-mode contribution,

as given by Eqs. 2-30 and 2-32. A substantial improvement in accu-

racy is evident when the higher-mode terms are added to the single-
S--ode for-raula.

3. Die1z. tric-Constant Measurements

A. Measurement Error with the i._. -

Dielectrometer

The circular waveguide dielect-,,metr was described
1

in the Second Quarterly Report. The device was shown to offer good

precision in determining the jielectric constant if materials. An

especially important feature of this technique is that it is unaffected

y u :-a.1 -lr gaps between the sam.ple 1--st and the adjacent

-16-



(0) (b) (C)
0160I 1 -1

. =0,60 L - 0116" " L : •0

007 - =3•$,- 0=0393 O03,)-

. f, I I \O, 1

nhji! 1I Ii!i-i4\ ' _ _,-!
Fa 510.

*~_T Nc.... J._____

<zzlim I'i
i I II,

0003 0

-, - . [ , 1 -j . .-.
0 (e ()}0° ' 7,0 06"

* ~~0001'v-

HU 0•.,,c It.d)i-\.......t,

--- 1 v_ = 5 =

_..__ O= 0•.__ 00593
T I

000071 I !- , !- ,--&-1 I- / iI

M4 0 00

Figure 2-4. Coupling-Coefficient Data for Configuration of Figure 2- 1.
Solid Curves fromr S, ngie-Mode Theory, Dotted Curve
fronm .hulti-Mc[•de T%,•ory, and Circled Points are
Experimental
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m retal wall. As a result, the technique is particularly useful in meas -

urements on high dielectric -constant materials, where small air gaps

are ordinarily a major source oi. error. The dielectric constant is

calculable from the TE 0 1 -mode resonance of a right-circular cylinder

of th'e material closely fitted in a below-cutoff metal tube. As indi-.

cated Iii the discuscion in the Second Quarterly Report, the computation
of dlieec~icic constant, C rp requires knowledge of the resonant fr:.-

+h'- inri'9e diameter of the tube, and the ieiigth of the sauape.

The resonant frequency can easily be rrneasured toI p ercent and linear dimensions of the sample to -t0. 0005 incý-. As
a typical example, a sample was assumed wiih a±Icti conlstzat Of

90. 000, a diameter of 0. 3 6000 in., and a leagtli of ý. 1 1800 in-, The

c:,Jculated resonant wave~le7_t'h of this sample in an Ide:0 circu'lar

waveguide dielectrometer is 2. 2598 in. When the wavelength, diamn--
eter, and height are deliberately offset by -0. 1 percent, +0. OL'_ .--
~an -i.A 0005 in. . respectively, the dielectric constant is calculated

to be e = 89. 43, which is 0. 6 percent low. Note that the errors in

the three input quantities were taken with a "worst case" combination

of aigabzaic qityns to give the maximum error in c r . With more pre-
cise instruments, the frcquency and! catS£n be. determined

with an order -of -magnitude improvement, st,_a an accur.-'--

of better than 0. 06 percent appears feasible.

The range of dielectr',c constantb

being measured in this pr~ogram generally coniormn to the %,,yothezicai,

case considered above. Thus, in the measurremen!' c?ý ~--Aith i.,e

circular -waveguide dielectrometer, the mnaxi:_ium er-ror in the deter-

about ±0. 25 percent.
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b. Measuremnent Ejrror with the Radial-Waveguirle
Dielectrometer

The radial-wýveguide dielectrometer described in the

second Qiiarterlyý. Report -a als exanme the -tArpoint of

r.-axcrnium-DObsihle error. The sample employed ia the analysis was

eqt-v:-' "t, essentially, to the --nrallcst-dianneter samnples (Si-iclh as

Sararle A 3 )of the Second Quarterly Report. These smaller 33 -'rlles

are nominal ; /4-in. in diameter by !,'IV-in, long, with ', r 86. 5.

A numerical error compu'ation v'-'s performed ass-umineI Th same wavelenpth and dimen~sion errors as aoove. The mnax-imum

possioie P_-ror in e rwas fno -r to be *0. 42 percent while the probable

error would be about ±0. 17 percent. Again, order of magn'ib-de .1m-
provernents oý accuracy in frequency and dimensions, and hence in

E: r) are feasible.IC. Anomaious Behavior of Sample A 2

It has been found that compressed polycrystalline TiO 2
ceramics from- a a-.Cv, 1-jtc)- '%jce an E: -ersus dens~thr cU-1e that

is well behaved (sn~'ood- and moi otonic). S .cmile A z'f thý -' " 7 --p

sape r teona t fed' ancy. otdi h ecn '--tcl Rptap.c

Thbe ie uonly freaoal xlnto on o h nml
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density of the material within the sample. Note that the electric fieid

is zero on the cylindrical walls of the test sample when it is tested in

the circular-waveguide dielectrometer. In the radial -waveguide die-

lectrometer, the electric field is zero on the parallel faces of the

sample. In, both cases the resonant mode is designated TE 0o, but the

di fr•L ... in boundary conditions are such that the inhomogeneities

within th.: sample can have markedly different effects on the resc .ant

frequency for ule two field distribuilu,,b j i,-zterest.

Support for the idea of i-ihomogeneities within a small

.oluxie comes from test results on a specimen of Fccoceran m - Ti

(TiO 2 ) to b'. reported below. A further test of the inhomogeneity

theory will be the careful measurement of the unloaded Q of sain--±c

A2 as compared to the Q of a similarly size,' zarnple wnose ini-cazto

er fits the r -versus-densi.ty curve. Marked inhomogeneities would

be expected to lower the unloaded Q since asyrnnmetric irz.homogeneities

should cause energy tra-isfe fr• i th. T.. 0 1 mode into other modes-

d. The Dielectric Constant of Cold Pressed Polycrystalline
TiO_, Pellets from USAERDL

The hot-pressed peillet of fire...iyorystaiiŽ: -•,

idorntified as S 1 was reported to have a die]e.:.. constant of 97.6 -

98.7 in the 6econd Quarterly Report. New Oaf- 1i o high-purity

oolcrstllncTiQ.', h-axe been rercoi- '"rolrnn Uý'A

sarnples are marked "cold Pressed, - and various p-ess pr=ure&,

are indicated. In general, these samples displaye4i lot.: iaipei•L.ric

constants than the earlier samples. The relat*on between dielectric

constant and density is evident though no assurance was given that all

pellets were formed from the same batcl-. The dielectric constants

were determined with the aid of the radial waveguide dielectrometer.

The results are given in Figure 3-1. i'he density aad stated pressing

pressures used in the fabrication of the pell - tracked in a general way.
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(35 oiii
F I, ,I

I. I Figute_ 3- Density Vs. Die-
11 8- 68 67 a 89 go lectric Constant for US9 0RDL

RELATIVE OIELECTRIC CONSTANT -4,(FRING3 RIM.S IN BRACKETS) Cold Pressed TiO7 C,,!uders

- e. The Dielectric Coistant of Ecccn-a__ Hm-K90

• ~ ~ ~ ~ ~ ~ h f• rn-,_ of Emr-erson --nd CmnIc rdcs"

markets a naterial knwc-.n ai Z, "cera-n Hi K. T!-e material is said
to be polycrystalline TiO.. but the company's Technical Bulletin
9-2-5 does not identify the composition. Dissipation factor is given

as less than 0. 001. The material is available in 12 values ,: :* T...
Bulletin statement that the material is "usable continuously over the
temperature range -70 F to +1500°F" followed by a listing of dielec-

tric constants implies that e was stabilized against temperature.
r

Inquiries failed to produce information on the temperature coefficient

I associated with Cr

A single tile, Z-i;Z" by Z- " by 3/8", Of Eccocer=-.

Hi-K90 •,as obtained fo.ý tests. Peflet,: of 2,, 34"-0 in-h diameter by

0. 3180 length were ground from vax ous locaa'or .

The density of the pellets was found to difiei- by a: mucl. -; percent

There is no reason to believe that the tv'o-perceat fi,; .out. ho b

excecded If more pellets were made from W., remaining portions of

the tile. This inhomogeneity within one tile further suggests that the

explanation given above for the anomnalv obse-rved in Sample A2 has

merit.
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One sample, with a density of 63 81 gramrs/cubic inch.

was measured to have a dielectric constant of 91. 75. The dielectric

constants of the other samples were not measured at this time.

f. Temperature and Dielectric Constant

Four groups of TIO2 have been measired at a min -':um
of t-o mp... tuc. 7.-F 4 '7, or The a,-1at - ,,

in Figure 3-2. None of the materials tested show evidence of temper-

ature-cornpernsating ingredients.

Because of the high sensitivitv nf

98_--- dielectric constant to temperature,

96 ss it would be generally impra, '-?

""o-- o any o [Eo construct narrow-band fiiters
9 2. f-- fie us of ny of these

Si ! ! I materials.

SFigure 3-2. Dielectric Constant
7682 Vs. Temperature (Temperature

TEUU-.F Coefficient in Brackets)

4. Unioaded-Q anC CGater-Frequency MI -

a. Unloaded Q of TiO, Samples

During the third quarter, a serie. o0± measu, ,--.-;,i_•

w.ere = !1te on• ... .. e unloaded Q , Q u , of v a-riou s 7 -40 2, z • •, , . f~

samples, which were Jrn the lorni of cylindricýJ disks approximately

0.4 inch diameter by 0. 2 inch Long, wcre platod at the center of a
WR-284 waveguide cross section. As indicated ov previous data%
shown in Tzable 3-3 of the First Quarterly Report t the metal wall

losses in this case would be expected tV,' ,ve .egligible effect on Q

-22-



The method of Qu measurement utilized in these tests

is essentially as described in the First Quarterly Report. The reso-

nant disk produces a band-rejection response in the operating range of

the WR-284 waveguide. By means of a reflectometer setup the rejec-

tion bandwidth is determined from reflection-coefficient data. An addi-

tional parameter measured is the peak insertion loss of the rejection

respone... The First Quarterly Report explains how Qu is comr'".ted

from ba•ndwidth, center frequency, and peak insertion loss.

H , rai refinements in technique were introduced in the

inal equipment shown in the First Quarterly Report. One rei',-

ment was the use of an external square-wave diode modulator instead

of the internal 1000-cps modulation of the generator. A ferrite 1-.lator

"I.as connected beteen thc gcnerator and the diode rnc l2ator. This

system modificat-ion permitted CW operation of the generator, thus

eliminating the possibility of frequency modulation as a source ot

error. A second refinement was the use of a transfer oscillator and

counter for precise measurement of frequency. Measurements were

repeated on several of the same TiO2 samples tested during the first

quarter. The agreement with the earlier data was very good, indica-

ting that frequency modulation -nd -- --- r- l -cý+ h•'- a s-•'-

ous effect. Hov -.ver, the use of the isolatea r.•L•rnal maoduiGOr Pnd

of the transfer oscillator and counter has beau; -ctained because of the

greater inherent reliability and precisicn t.- !,,

Unloaded Q ineas:rerments were ma-e zn c '- ee sets n-

TiiO 2 zampies: (1) hot-pressed samples supp!ied by thc uSAEIRDL

ceramics laboratory during the first quarter o.f this program; (2) cold-

pressed samples suppiied by the same source during th". second

quarter; and (3) Eccoceram Hi-K90 material putr -hased from Ermerson

and Cuming, Inc. The resulting Q,, 'va.ues are shown in Table 4-1 with

dimensions, center frequencies, and "iea&ar&U deiectric. constants.
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TABLE 4-!

UNLOADED Q OF VARIOUS TiO. CERAMIC DISKS

[Iacril :identificationI D If 0 • -
_____.. I of Sam ple (inch) (inch) (M c)I u

USAER"%L I No. 1 0.393 0. ý50 2980' q 7300
Hot-Fr- ed, No. 2 0.393 0.250 2961 98 I8 5.•

±J .V. -)7-; U. I U I ., 170 j V

No. 4 D)0393 0 160 3317198 16390

SUSAERDL 1500 psi 10.4300.220 3051. -0 n ~ .A n 1, 77 -1
-Pressed 200 Is 43 .n 0.220 30987. 1.&0

25...... 10.3 1507 0 87 ' I 1 11,700
3000 psi 0.400 0.2-00 3289 87.6 7,350

"refired" 0.446.. 0.244 2.675 - .3•o

Eccoceram No- .4 0 .Z0 90,9 6'

i-K90 No. 2 o. 0 o. o 8

b. Qu Versus Waveguide Dimensions

Figure 4-1 shows the effect of --.- guide-a'-2" •..i~nuty

on the unloaded Q of a dielectric resonator. " resonator used in this

experiment 16 the previously tested USAEPDT. . ,r:sed 2000 psi

sampole. As sbown in Table 4-], tb; 0 v•due in •. ... waver unt.

11, 650. The plotted points in Figure 4-1 are for thi- rrso -tor in

square waveguides ranging from 0. 430 by 0. 430 to 1. 2$ 5 i. 23 inch

ID. The resonator was supported at the center of each waveguide cross

section by polyfoam, with the axis of the disk in the transverse x di-

rection. Because the square waveguides ire nonr:'opagating at the

resonant freqT.ency of the disk, the configuration was measured as a

single-resonator ba-d-pass filter. Coupling loops o. closely fitted
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2 -~ I sliding blocks were used Lo ob-

000_ IALUMINUM tain coaxial input and output con-I j ii -- n I nections. The loops were adjusted

-- PL----- to give a center-frequency inser-
60. 0 i i * WGBRASS(HIGH COPPER) tion loss of at least 3 db. Svm-

C 70~-30 eRASS
4CC'--J__ ALUm4INUM metry of coupling was ensured by

4LCO- TIOZ RESONATOR(CM.0 PRESSED, 1 8S C -6
p$,)t such that the

L- VSWR at the two ports wv: j the

of isame. The following re±ation-
0 1 0 I520

0 .0 0.-.s ship then holds between loaded

r'igure 4-1. Qu of Dielectric Q, Q, , unloaded Q, Qup and

-. sonator Vs. Dimension of center-freuuencv instt. Li,. iosS,
Square Waveguide L 5

QQuLo = 20 log,,(• db (4-1)

or

u I - 10 (4-/)

The loaded Q, Q of the singie-res-, +';-e- iQ related tn h'4,-

width by

QL fo/(PW)3db (4-3)

'11o u T " "ab
QL 3 fo/(BWIld 4•

where (BW) 3 db, (BW)6db, and (BW)1 db are bandwidths determined at
levels of L + 3 db, L + 6 db, and L + 10 db. respectively. These

0 0 0
three bandwidths were measured in all cases, and were found to yield

seto of Q values within about ? perce(. of ,:-ch other. The average
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Io- the QL values computed fronn Eqs. 4-3, 4-4, and 4-5 was used in

Eq. 4-2 to obtain Q

The plotted points in Figure 4-] are for a number of

diffe- ent tubing materials. After the three brass tubes were tested,

Wthy -:!ere -silver plated, thus yieleting additional points. The curve in

Figure 4- 1 applies to aluminum; for cross sections smaller than " 75

by U. -! inch the curve is ii• •&,jatea bt•... -^- ± , _

plated and 70-30-brass surfaces.

The Q, curve in Figure 4-1 is seen to he conspi-t-

w~ah an yi•iptozic value of 11 &50 for an "isolated" resonator, as

previously measured in 2. 84 by 1. 34 inch ID waveguide. Althoug-

Q uhas dropped to 5250 in silver-plated 0.430 by 0.430 ±nhi dtbing,

lnathis is nevertheless a 1highly respectable value. For example, a strip-
, line or coaxial resonator occupyi.ng the same volume would have a Q u

value of about 1230.

The 0. 430 by 0. 430 inch tubing size is especially inter-
esting, since the G. 433->Th di- -e disk is tangent to the top and

bottom ,,!s. In this caF, a convenient stzui-,ct,'ra4 c i-±le w"jd

be to fasten the disk in place by means of sma, I -nounts of epoxy c•-

ment at the points of tangency. Another rA :c rbrass Tubing was

constructed to explore further this poasibilitf-. ,'-- rh,w N-as main-

tained at 0. 430 inch to retain the . ieaz:-:, ,.the v;-AIG- ýzs

made 0. 860 iJch. The unloaded 0 in this 70-30-bi ass t! ...

measured to be 5100, After silver plating, Q. increased to 6760,

These values arz considerable improvenments over the 0. 430-inch-p square case.
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c. f Versus Waveguide Dimensions0

The effect of waveguide-wall proximity on resonant fre-

quency of the USAERDL 2000 psi cold-pressed sample is shown in

Figure 4-2. The measured points

are for the same series of square

::iz ~ z 1 -. tubings as in the Q measurements
!u
o 'RESONATOR 1 of Figure 4-1. Table 4-1 A..ows S! /I~ ~~ _.-G PR ,SSE D,2-0,0/$, m)

D- I0 430" the resonant frequency cA thc disk
3.31-0 220'

TO87 to be 3029 Mc in 2. 84 by 1. 34 inch
____ waveguide. Thl3 asymptotic Va-lue

SI\ Iis consistent with the curve in

r b. f i h.i Figure 4-2.

o 05 to Is In the case of the 0. 430 by
c and b. Ir¢htts

0. 860 inch tubing, the r- soant
Figure4-2. foofDielectric Res- frequency was measured to be
onator Vs. Dimension of Square 3234 .vtc.
Waveguide

d. Theoreticai Analysis of f and Q,0

An. appro :imate theoretical -- isi. the "
metal-w.all proximity on f 0 and Qu was car.-'-:' <ut during the latter

part of the third quarter. Initiaj results of !he theorv indicate good

confirmation of the f data in Figure 4-2, a nd ...

Q data in Figure 4-1. The theory will be fur4e.er evaluat-;r, arn ...-u
cluded in the next report.

Exoeriments with Two-Resonator Band-P-ss Filters

In the Second Quarterly Report, coupling data were given for

t-s different pairs of resonators in t0', .z Ut:erent sizes of waveguides

-27-



below cutoff. The graphs of experlmental points are repeated in the

present report as Figure 2-4, wheic t-hey may be compared with theo-

rttical curves. As an experiment •xo check the correlation of the data

,ith actual filtE.r performance, the end loops were mo• ed closer to the

coupled-resonator pairs in order to produce maximally flat res;,onse

curves. The results ±or two cases are shown in Figures 5-1 and 5-Z.

The perti:,-nt dimensions are ind:cated in the figures.

hI \ !! ,' ,! / i I ! ! I.0I T

f-aw f - wc

102 303 304, 32305 30 25 s 3M2 31 325 !2

Figure 5- 1. Maximally Figure 5-2. Maximally
Flat Dielectric -Resonator Fiat Dielectric -Resonator
Filter, a = b = 0.750" Filter, a -b - 0. 995"

r1 ne 3-db bandwidth of a tvo-reson-to _.imnlly fi ltz- is
: by6

related to the coupling ei fficient k, by

'• ~ ~~(BW)3b"i
(D~3db V kf 1

or,

(BW) 3 d•
k--.= 0.707 - (5-2)

From the experimental data in Figure E. - 1he coupling coefficient

was computed and compared with the piviously measured value from
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Figure 2-4d. Thus, in Figure 5-1, (BW)3db 7.69 Mc, f = 3040 Mc,

and hence,

k 0. 797 x 7. 69 = 0.00179k1? 3040 . 07

This is very close to the value shown in Figure 2-4d, where at

s = 1.2.66 inch, k 1 2 - 0. 0017 from the measured points and k 1 2 =

0. 0016: from the theoretical curve.

In Figure 5-2, (BW) 3 db = 18.3 Mc and i° 0 3030 Mc. Therefor.

k 0.707 x 18.3k1 ?. 3030 -= 0. 00427

while Figure 2-4e gives k - 3. ^C46 f'-r-i the measured points and
r12

0. 0050 from the theoretical curve.

A third case that was not plotted had the same paran..t::'s

Figure 5-1, except that s = 1. 000 inch. The coupling .oefI 'ent deter .-

mined from the 3-db bandwidth is 0. 00482, while the measured poiats

in Figure 2-4d give 0. 0048, and the theoretical curve gives 0. 0052.

The resonator unioactoa Q values were deduced from the band-

width and center-frequency dissipation-lz... . e- ssure-nenL_ %-I,-t •.

tionship for a maximally flat two-resonate.; .,ler is as fu1Lows:'

S4. 34 x 2. 83 fo
i ~~~Q =' (BW1'd u•

where f and (BW3d are in Mc, and L is in db. Fs .'ie thrz, cast

discussed above, the Q values were found w, be 6960, 7260, and 5140,

respectively. Note that the second value applies to 0. 995 by 0. 995 inch

tubing, while the other values are for 0. 75 by 0. 75 inch tubing. In all

cases the walls a-re aluminum.
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Both Figure 5-1 and 5-2 indicate a dissymmetrical response.

This is especially pronounced in Figure 5-2, where the bandwidth is

approximately twice that of Figure 5-1. The possible causes of tne

observed dissymmetry will be investigated during the next quarter.

Techn-iques of eliminating or reducing this dissymmetry will be

explox ed.

-30-
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SECTION V

CONCLUSIONS

The new multiple-mode coupling-coefficient formula is vastly

superior to the earlier single-mode formula when the dielectric disks

are close together. Comparison with experimental points shows good

agreement even when the disks are touching each other.

Calculations of errors in che two techniques for dielectric-

constant measurement indicate typica] precisions of about +0. 5% max-

-,,n error and *0. 21o prohable error. These values are bda-o. on

din-,ensioa' measurements to *0. 0005 inch and frequency measure-

ments to *0. 1 percent. An improvement of accuracy by at least an

order of magnitude appears feasible, but is not necessary for the

purposes of this program.

D3csitv variations in ceramic samples were previously sus-

pected as the cause of minor anomalies in measured dielectric-constant

values. Purther confirmation of this possibility was found when various

samples cut from a iaer-e sinr-- p:ece of TiO, ceramic were found to

have densities varying by as rnuch as Z perccnt. The eyfect -, +arnr

erature on dielectric constant was also foun!ý tc exceed the norninal

ýensitivity of -800 ppi/iU by amounts rang3 ,g from about 5 to 37 per-

cent in four different groups" samples.,

The setup for Q measurements described in th-.• w:-. ttr
u

Report was improved through the use of an isolated external modulator

and more precise f)'equency-rneasurement equipment. Several of the

dielectric pieces previously tested were rechec'ked and found to agree

reasonably well with the earlier data. Therefore, the setup improve-

ments were rot found to be essential. -rv -lreiess they have been

retained because of the greater reliability and pre -sion they afford.
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Measurements made with this setup show the USAERDL high-purity

cold-pressed samples to have considerably higher Qu than previously

obtain.ed TiO_ batches. Other measur;ments on a dielectric disk in

a series of square waveguides confirm that Q is drastically affected

when the waveguide dimension is made less than twice the diameter of

the disk. However, even when the waveguide dimension was equal to

the diarneter of the disk, Qu was approximately 5000 for si]ver-p!-,ted

wavg~u Ue-W.aiia. Thiz is abc,_t four timrn t'-Q I--Qvaluef obtainable in.

a practical coaxial or strip-line resonator having the same external

volume of approximately 0. 5 x 0. 5 x 0. 5 inch.

Experiments on several two-resonator maximally flat filters

confirm the validity of the coupling -coefficient and uuloaded-Q da-I

previously obtained. A dissymmetry of the sLob-barnd r .Z;nse was

observed. This dissymmetry becomes more severe as the filter

bandwidth is wideneu. Since a dissymrnetlical response is usually a

disadvantage in a bandpass filter, methods of reducing this effect

should be found.
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SECTI-ON V-

~PROGRDA!! FO r'r'fl j'Vr T7yTrrl n-rAI

ceveloped. The theoretical treatment of metal-wall proximity and its

effect nn f and Qu will bc completed.

Experimental, studies will: be contin•,l on Cr and Q of dielec-

tric samples. In cooperation with the USAEPDL Geramick Laboratory,
an effort wiil be made to obtain a suitable mate;:ial or cor.bin--sn o!

r-iaterias havinq relative]v low tferrerature _ _ eniti-i.

An irvestigation will be made of the stop-band-dissymnmetry

effect observed in relatively wide-band filters. Techniques for re-

ducing this effect will be examined.

Parameters for deliverable filter models will be selected.

These filters will then be designed, constructed and tested.

I

I



SECTION VII

LIST OF REFERENCES

1. S. B. Cohn and K. C. Kelly, "Investigation of Microwave
Dielectric-Resonator Filters, " Second Quarterly Report on
Contract DA-36-039-AMC-02267(E), I October 1963 to
31 December 1963, Rantec Corp., Project No. 31625.

2. A<. E. Collin, "Field Theory of Guided Waves, " McG-r "-Hill,
New York, 1960.

3. S. Ramo and J. R. Whinaery, "Fields and Waves in Modern
Rito, " 2nd Edition, John Wiley and Sons, Inc., New York,
1953.

.S D. Cohz and C. lr. Chdndier, `investigation of lvlicrowa',e
Lii1ctric-Reso-it'-' vi!ý-rs," First Quarterly Report on
Contract DA-36-030,-A•MC-02_67(E), 1 July 1963 to 30
September 1963. Rantec Corp., Project No. Y'ýZ5.

5. Radio Research Lab. Staff, "Very High Frequency Techniques
Chap. 28 by S. B. Cohn, McGraw-Hill Book Co., New YorK.
1947; p. 745.

6. S. B. Cohn, "Direct-Coupled-Resonator Filters, " Proc, IRE;
Vol. 45, pp. 187-196, February 1957.

7. S. B. Cohn, "Dissipation Loss in Multiple-Coupled-Resoator
Fi]ters, Pro-:.. RE. 17 41 pp. A--48,Aug. ,--n59.

I-4

•-34-



SECTION ViiI

IDENTIFICATION OF KEY TECHNICAL PERSONNEL

Hours

Dr. Seymour B. Cohn 152
Sp•cialist

Mr. k'eirneth C. Kelly 198

Mr. Ri'hard V. Recd 237
Engine-3er

-- •-35-



0 ~ I. -

t' .5 U

W4 ~ ~ ~ ~ ~ ~ - L)"4ýL U'Cfu )u<

0- >' t4 Q
0 0~~.( 1 2 'd 0I

-, (~,N.c~ .

0

o~~G E- 0 .- 4j

(d O> rj (JI. r. V O 0' o

'0 ed.. ý to _

U U~S ' ~sa 44

104.

CZ 10i
A) > 04 ' > I(4 .4 O~~4 12

0 0 0 IV
U' U .0 F44u..u o4 ~ "U 'd~ CO C). o' Q OX

44 0 g tf

"(o -"4

-- C'

C z'J0 ;0~5 ~ .~* 0

U~~~~~~ UQU(4) -"o o '

0.. 04C.) ~
;0 044 > )

V'D bo



04 02 01 - -8 4
U) Vj 0 : 2

o Z4 '0 0

-4 ct 0- 1 QUM' 4 U)E

k 
4 ) ) 4 ) b2 3

* )3- 4)4..

k~2~ V J02(, to E o' 43r3 >~ 1.k .

> ,a Q > 00c

u :~34 N32 (d'- 4).)C&

32.~~ a32 00
0 ( 32 a

3 
N k 32 O 

3  
k.- .43

U) 43 0 0C)e

43 0 0 0

r.- *'d > o--4

>, ,Z 0 5 v)O3 CO -0 0

(.. - "I -9:04 a - 0 oI

I' IV 'd :s 0 a

P. k _. 2

E 3 3-ca~ :1~ ZZ0-
COc : a 'd (2**b 

4 4 -, :3
0 : > Oza )3 1  S. u)43)43 ;.~ -V * Q.. 0. o cd .0 'Z

- 0 IV.3 V34 0 boco
bo 4) 0 0~ 0.4 u 3.4,

to o0~ N ~ 4) >3 bo>.~ 0E10 o 0 3

k34)
0  

0. :3CC0 40 k2-
(c>a (d> W 4 4 ot( 050a

A~~( -'a.>

320 000

43~'ato z. 01) 0
2

k a bo a) U)-344______ __ _ _ _ _ _ _ _ $4 S



UNITED STATES ARMY ELECTRONICS RESEARCH & DEVELOPMENT LABORLATORIE
STANDARD DISTRIBUT:ON LIST

RESEARCH AND DEVELOPMENT CONTRACT REPORTS

Copies

OASD (R (- E), Room 3E1065, ATTN: Technical Library, 1
The Pentagon, Washington 25, D, C.

Chief of Research and Development, OCS, Department of 1
the Army, 'U-shington 25 D. C.

Commanding General, U.S. Army MaLeriel Comm ind 1
ATTN: R & D Directorate, Washington 25, D. C.

Commanding General, U. S. Army Electronics Command 3
ATTN: AMSEL-AD, Fort Monmouth, New Jersey

Commanc-er, Defense Documentation Center, ATTN: TISIA 20
Carieron Station, Building 5, A.exanrid, VXý&inia 22•14

Commanding Officer, U. S. A. Cuinbat Developments Command
ATTN: CDCMR-E, Fort Belvoir, Virginia

Commar.ding Officer, U. S. Army Combat Developments Command i
Communications -Electronics Agency, Fort Huachuca, Arizona

Chief, U. S. Army Security Agency, Arlington Hall Station 2
Arlington 12, Virginia

Deputy President, U. S. Army Security Agency Board 1
Arlington Hall Station, Arlington 1t, Vi-inin

Commanding Officer, Harry Diamond Laboratories. C.-necticut 1
Avenue & Vaa Ness St., N. W., ashington 25, - "7..

Director, U.S. N'.&al Research Laboratory, ATTN. Cl\ ,-o
Washington 25, D. C.

Commanding Officer and Director, U.S. Navy Electronic ±abc'-, _I
San Diego 52, California

Aeronautical Systems Division, ATTN: ASNXRR 1
Wright-Patterson Air Force. Base, Ohio 45433

Air Force Cambridge Research Laboratories, ATTN: CRZC 1
L. G. Hanscom Field, dedford, Massacht setts

Air Force Cambridge Research Laboratories: AT- : Z2:XL-R 1
L. G. Hanscom Field, Bedford, MassachusetLs



Copies

Hlq, Electronic Systems Division, ATTN: ESAT 1
L. G. Hanc-com Field, Bedford, Massachusetts

Rome Air Devreiupment Center, ATTN: RAALD I
Griffiss Air Force Base, New York

Advisory Group on Electron Devices, 346 Broadway, 3
8th Floc-, New York, New York 10013

AFSC Scientific, 'ichnical Liaison Office, U. S. Naval Air 1
Development Center, Johnsville, Pennsylv'ania

USAEL Liaison Office, Rome Air Devzilopment Center, 1
ATTN: RAOL, Griffiss Air Force Base, New York

NASA Re-p'esentative (SAK/DL), Scientific and Technical 2
. . Facility, P.O. Box 5700

Bethesda, Marvland 20014

Commander, U. S. Army Research Office (Durham)
Box CM - Duke Station, Durharm, "Noxl Carolina

Director of Procurement & Production Directorate
ATTN: AMSEL-PP-E-ASD-5, Fort Monmouth, New Jersey

Commanding Officer, U. S. Army Engineer Research & 2
Development Laboratories, ATTN: STINFO Branch
Fort Belvoir, Virginia Z2060

Marine Corps Liaison Office, U. S. Army Electronics 1
Laboratories, Fort Monmout.n Nevew jersey

AFSC Scientific/Tezhnical Liaison Office, U. S. Army
Electronics Laboratories, Fort Monmouth, New .: --ev

Commanding Officer, U.S. Army Electronics Labr:,.
ATTN: AMSEL/RD-DR/DE, Fort Monmouth, New Jer-

Director, U.S. Army Electronics Laboratories, ATTIs: T.Iii.:!
Documents Center, Fort Monmouth, New Jersey

Commanding Officer, U.S. Army Electronics Laboratories
ATTN: AMSEL-RD-ADO-RHA, Fort Mon-mouth, New Jersey

Commanding Officer, U.S. Army Electronics Research 1
Development Activity, ATTN: SELWS-A
White Sýands, New Mexico 88002



SUPPLEMENTAL DIS'RiBU TION

Copie_

National Bureau of Standards, Fnginee-i• ; Eleztronici Section
ATTN: Mr. Gustave Shapiro, Chief, Washingt,.i Z5, D. C.

Chief, Bureau of Ships, Department of the Na'y
ATTP': Mr. Cumrina, Code 68182, Washington Z5: D. C.

Commander, ----,me Air Development Center, AT rN: Mr. P. i~uxnanei
(RCLRA-Z1 , Griffiss Air Force Base, New York

Stanford Research Institute, ATTN: Dr. Matthaei
Menlo Park, California

Physica' Electronic Laboraturies, 1185 O'Brien Drive,
eo £'ark, California, ATTN: Dr. Carter

Stanford Research Institute, Menlo Park, California
ATTN: Dr. Young

Mr. Robert Standley, Antenna Research Facility
I. T. T. Research Institute, Box 205, Geneva, Illinois

Mr. Jesse J. Taub, Airborne Instruments Laboratory
Deer Park, L.I , New York 11729

Professor E. J. Smoke, Rutgers, The State University
N. J. Ceramic Research Station, New Brunswick, New Jersey

Director, U.S. Army Electronics Laboratories
Fort Monrr"et!, New jersey
ATTN: AMSEL-RD-PE (Division Director)
ATTN: AMSEL-RD-PE (Dr. E. Rotl)
ATTN: AMSEL-RD-P (Department Director)
ATTN: AMSEL-RD-PEM (Mr. N. Lipetz)
ATTN: AMSEL-RD-PEM (Mr. 5. Cha:!..
ATTN: AMSEL-RD-PEM (Mr. E. Mariani)

i


